Introduction
Biological Structure, SM-20, University of Washington, Seattle, WA 98195, USA It has been shown for a variety of enzymes that protein design 2 Present address: University of Cologne, Institute of Biochemistry, and construction of enzymes with altered properties can be Zuelpicher Str. 47, 50679 Koeln, Germany successfully achieved. However, in most cases the 3D structure 3 To whom correspondence should be addressed of the enzyme was known or the amino acid sequence had a comparably high identity (Ͼ40%) with a related protein of L-2-Hydroxyisocaproate dehydrogenase (L-HicDH) is charknown 3D structure. In this study, protein engineering on acterized by a broad substrate specificity and utilizes a L-hydroxyisocaproate dehydrogenase (L-HicDH) from Lactowide range of 2-oxo acids branched at the C4 atom.
bacillus confusus was performed, a protein for which the Modifications have been made to the sequence of the crystal structure was not known during the project. The
NAD(H)-dependent L-HicDH from Lactobacillus confusus
NAD(H)-dependent L-HicDH is an oxidoreductase and catain order to define and alter the region of substrate specificity lyses the reversible and stereospecific reduction of aliphatic towards various 2-oxocarbonic acids. All variations were branched and unbranched 2-oxo acids to (S)-2-hydroxy acids: based on a 3D-structure model of the enzyme using the X-ray coordinates of the functionally related L-lactate R-CO-COO -ϩ NADH ϩ H ϩ ≥ R-CHOH-COO -ϩ NAD ϩ dehydrogenase (L-LDH) from dogfish as a template. This protein displays only 23% sequence identity to L-HicDH.
The preferred substrates have an unbranched chain of 5-6 carbon atoms. 2-Oxocaproate is the substrate with the highest The active site of L-HicDH was modelled by homology to the L-LDH based on the conservation of catalytically k cat /K M ratio compared with the other tested substrates (Feil et al., 1994) . For this substrate this ratio is between one and essential residues. Substitutions of the active site residues Gly234, Gly235, Phe236, Leu239 and Thr245 were made five orders of magnitude larger than for the other substrates. The observed structure topology conservation between dein order to identify their unique participation in substrate recognition and orientation. The kinetic properties of the hydrogenases (Rossmann et al., 1975) was a basis for the protein structure prediction. In addition, we had clear indica-L239A, L239M, F236V and T245A enzyme variants confirmed the structural model of the active site of L-HicDH. tions for a relationship between L-HicDH and L-LDH such as functional similarities in the enzyme reaction, in molecular The substrates 2-oxocaproate, 2-oxoisocaproate, phenylpyruvate, phenylglyoxylate, keto-tert-leucine and pyruvate weight and in the quaternary structure (Adams et al., 1973; Schütte et al., 1984) . The multiple amino acid alignment with were fitted into the active site of the subsequently refined model. In order to design dehydrogenases with an improved known L-LDH sequences (Swissprot Database), according to the method of Smith and Waterman (1981) using similarity substrate specificity towards keto acids branched at C3 or C4, amino acid substitutions at positions Leu239, Phe236
values (Niefind and Schomburg, 1991) gave the best absolute sequence identity of 23% with the L-LDH sequence from and Thr245 were introduced and resulted in mutant enzymes with completely different substrate specificities.
dogfish (Feil et al., 1994) . L-HicDH has a flexible coenzyme loop which closes over The substitution T245A resulted in a relative shift of substrate specificity for keto-tert-leucine of more than the active site like a lid after the ternary complex is formed, excluding water during catalysis . In a 17 000 compared with the 2-oxocaproate (k cat /K M ). For the substrates branched at C4 a relative shift of up to 500 was previous study we characterized the role of several loop residues by protein engineering (Feil 1991; Feil et al., 1994) . obtained for several enzyme variants. A total of nine mutations were introduced and the kinetic data for the set
The position and side-chain orientation of the catalytically essential residues were modelled by structural homology with of six substrates were determined for each of the resulting mutant enzymes. These were compared with those of the the L-LDH structure from dogfish (Abad-Zapatero et al., 1987) . According to the modelling and the later solved X-ray structure, wild-type enzyme and rationalized by the active site model of L-HicDH. An analysis of the enzyme variants provided the catalytic mechanism should be the same as that described by Clarke et al. (1989) for L-LDH. All the active site residues new insight into the residues involved in substrate binding and residues of importance for the differences between of L-LDH have been described by Holbrook et al. (1975) . In L-LDH the active site residue His195 (the numbering scheme LDHs and HicDH. After the protein design project was complete the X-ray structure of the enzyme was solved in was adopted from L-LDH from pig heart; Grau et al., 1981) stabilizes the carbonyl oxygen atom in the transition state and our group. A comparison between the model and the experimental 3D structure proved the quality of the model. transfers a proton in the redox reaction. The protonated state Using the BRAGI protein modelling program package order to prevent any major structural change from the backbone
conformation of the reference structure.
Identity * * * * *
The generation of and force field calculations on the nonprotein molecules were performed in accordance with the modelling of the NAD site of L-LDH for rationalizing the of His195 is supported by its interaction with Asp168 and kinetic activity of adenine-modified NAD derivatives (Hendle neutralization of the negatively charged substrate is achieved et al., 1993) . Initial conformations of coenzyme and substrate by two arginine residues in positions 109 and 171. These four were taken from the ternary complex of L-LDH and S-lacactive site residues find their counterparts in L-HicDH at the NAD obtained from the 5LDH structure. After the separation same positions in the protein sequence.
of the S-lac-NAD molecule into lactate and NAD the 3D The increase in specificity for branched substrates represtructure of the coenzyme NADH and the substrates sented a realistic challenge and provided an enzyme with novel 2-oxocaproate, 2-oxoisocaproate, pyruvate, phenylpyruvate, properties. Previous experiments (Feil et al., 1994) have shown phenylglyoxylate and keto-tert-leucine including all hydrogen that the substrate specificity can be influenced by sequence atoms were generated inside the active site of the L-HicDH variations in the flexible coenzyme loop. However, owing to using BRAGI. Atomic charges were calculated using the the high flexibility of the loop region reliable structural MNDO semi-empirical molecular orbital method from the information is not available and therefore a rational design is program package MOPAC 5.0 (Stewart, 1990) . not feasible. Because of the lack of structural information and
Energy minimization was performed with the AMBER 3.0 in order to select for increased specificities towards substrates molecular mechanics package (Weiner and Kollmann, 1981 ; branched at C3 or C4, the opposite side of the active site was Weiner et al., 1984 Weiner et al., , 1986 ) using the all-atom model. The chosen, involving residues of the catalytic domain between distance-dependent dielectric function was chosen for energy positions 234 and 245. This region is highly conserved in minimization and calculation in vacuo. The resulting conformaknown L-LDH sequences from eukaryotic organisms (Eventoff tions were examined with the molecular graphics tool of the et al., 1977), indicating their importance for the recognition BRAGI package. of the substrate pyruvate. Among these 12 residues, only five
Design of variants are identical in the L-LDH and L-HicDH sequences (compare Table I ). In L-LDH these residues are located in the helix α2G
The design of the variants was initially performed using and the connecting loop between the helices α2G and α3G molecular graphics (BRAGI). After the structure prediction of (Abad- Zapatero et al., 1987) .
the wild-type enzyme we identified the amino acid side chains The first part of this study was the creation of a realistic that were thought to be involved in substrate side-chain binding. protein structure model of L-HicDH, especially in the predicted Following modelling of the enzyme-substrate complex, we active site region, which would permit identification of the modelled enzyme variants that were expected to have favourfunctional contribution of individual catalytically relevant able interactions with the target substrate in an orientation residues. Therefore an iterative cycle of protein structure optimal for the transfer of the two hydrogens. This was modelling and verification of the model with the results of modelled in a low-energy conformation into the active site. site-directed mutagenesis studies was employed. The data of After the initial creation of the variant, the complex of computer assisted protein structure modelling and kinetic enzyme and target substrate was subjected to force field energy measurements of the created mutant enzymes allowed defined minimization and protein dynamics (AMBER 3.0, see above) substitutions which would show optimal binding and converand those mutant enzymes were chosen for expression where sion of the chosen substrates (Feil, 1991) . The X-ray structure the minimized structure of the variant-target substrate complex determination of the native enzyme, which became available was not very different from that of the native enzyme. later, showed that the predicted model was essentially correct.
Mutagenesis, DNA sequencing and protein purification
The construction of mutants from L.confusus L-HicDH, as well Materials and methods as the DNA sequencing, the expression and the purification of Structure modelling methods mutant enzymes, were performed as described previously (Feil The basis for the structure model was the amino acid alignment et al., 1994). published by Feil et al. (1994) . The coordinate data files 5LDH
Steady-state kinetics and 6LDH of the Brookhaven Protein Data Bank were used as the reference structures. For the purpose of modelling and Steady-state measurements were made by following the decrease in absorbance at 340 nm in the NADH-NAD ϩ analysing the protein-substrate and protein-cofactor interaction, the closed coenzyme loop conformation had to be conversion. NADH was purchased from Boehringer Mannheim, keto-tert-leucine from Asta Pharma, phenylglyincorporated into the model structure. Therefore, a composite model was created using the 6LDH structure of L-LDH from oxylate from Aldrich and all other substrates from Sigma. All assays were carried out at 30°C and in 100 mM potassium dogfish muscle and a fragment ranging from residue number 97 to 111 of the 5LDH structure of L-LDH from pig heart phosphate buffer, pH 7.0. K M and k cat values were determined from Lineweaver-Burk plots for the various substrates at the containing the conformation of the closed coenzyme loop. highest concentration of NADH which does not inhibit kinetic parameters were rationalized by the structure model in order to design enzyme variants with an increased or more L-HicDH activity (0.24 mM; Schütte et al.,1984) . Every kinetic measurement was performed three times and included at least selective catalysis with the branched substrates. Table II represents the steady-state catalytic properties of the wild-type eight substrate concentrations between 2ϫ10 -2 and 2ϫ10 -6 M. The k cat value was defined as the turnover rate of the enzyme and mutant enzymes, each tested with six substrates. In the interpretation of the results presented in Table II and at saturating substrate concentrations. Figure 1 , one has to be very careful. A change in the turnover number or the apparent second-order rate constant may be Results and discussion caused by: Protein and complex structure prediction the intended change of interaction between enzyme variant The amino acid alignment of L-HicDH and L-LDH from and substrate dogfish reflects a low overall sequence identity of 23%. However, the sequence identity of the residues involved in or other effects such as: NADH binding (residues 106, 169 and 193, which are implica change of interaction between enzyme variant and coenzyme ated in catalysis, and residues 100-101, which are located in (which again might cause a change of interaction between the coenzyme loop) is significantly higher (60%; Feil et al. coenzyme and substrate) or 1994). This enabled us to obtain a realistic model of the catalytic domain of the enzyme. Only five out of the 12 a change of the speed of the opening and closure of the flexible residues from positions 234 to 245, which were identified as loop above the active centre. responsible for the recognition of the aliphatic chain of the However, the last two possibilities should have a more substrate, are identical in L-HicDH and L-LDH (Table I) .
general influence on the reaction rate of the enzyme variants, Although the X-ray structure of L-HicDH has subsequently as they are not specific for particular substrates. been determined, no structural information on enzyme-inhib-
The interpretation is further complicated by the fact that the itor complexes is available as yet. In addition, there is still an substrates interact with the portion of the enzyme where the experimental uncertainty regarding the correct orientation of quality of the structural information is high, but also with the the substrate chain as the active site loop is found to be too highly flexible coenzyme loop where no reliable structure is flexible in the X-ray structure.
available. All described enzyme variants were designed based on the Even if K M is associated with a dissociation constant, a predicted protein model before the experimental 3D structure decrease in K M may therefore indicate an improvement of the became available (Feil, 1991) .
interactions between substrate and the rigid part of the protein, Effects of mutations on enzyme specificity but also a change of the interaction between substrate and the loop or the protein body and the loop. An analogous situation Initially, amino acid substitutions were performed in order to verify the proposed residue functions. In a second step, the exists for the interpretation of the resulting turnover numbers. OCAP ϭ 2-oxocaproate, OICAP ϭ 2-oxoisocaproate, PPYR ϭ phenylpyruvate, PGLY ϭ phenylglyoxylate, KTLEU ϭ keto-tert-leucine, PYR ϭ pyruvate. together with the hydrophobicity surface (red ϭ hydrophilic, blue ϭ hydrophobic). The repulsive interaction between the surface near residue 239 and substrate is obvious. The methionine replacement is displayed in pale green.
Nevertheless, as all variants show a significant shift in the enzyme specificity towards the branched target substrates, this might provide an indication that our basic strategy was correct.
The very high value of the second-order rate constant for total shift in substrate specificity. In this enzyme variant the relative substrate specificity in k cat has shifted by a factor of 250 the reaction of the unbranched substrate at the wild-type enzyme indicates that this reaction might be diffusion conand k cat /K M by a factor of~500 (493) towards 2-oxoisocaproate. Smaller shifts are observed for phenylpyruvate (~70). Both trolled. As this is not the case for all the enzyme variants, this does not influence the interpretation.
are now better substrates than 2-oxocaproate. Whereas in the wild-type enzyme the second-order rate constant for Participation of Leu239 in substrate side-chain binding 2-oxoisocaproate is only~1% of that for the unbranched Residue Leu239 appeared to be one of the most promising substrate, in the mutant enzyme the rate constant of candidates for modifications because the leucine side chain and 2-oxocaproate is only 18% of that for 2-oxoisocaproate (Figure the 2-oxoisocaproate side chain form unfavourable contacts. In 4). On average the rate constant for the tested substrates has most known LDH sequences this residue is an isoleucine, or increased~30% in this variant compared with the wildin some cases a leucine. The substitution of Leu239 by a type enzyme. smaller or unbranched amino acid should result in altered
In contrast to the catalysis with substrates branched at C3, substrate binding of C3-branched substrates. A comparison of the reduction in k cat for the originally favoured substrate the two variants L239M and L239A provides interesting insight 2-oxocaproate may be caused by an unfavourable change in into the details of the reaction. Compared with the kinetic data the orientation of the substrate relative to the catalytically for the wild-type enzyme, both show a shift of enzyme important residues. The model of the L239M replacement specificity towards the substrates branched at C3 corresponding ( Figure 3 ) shows how the substrate 2-oxoisocaproate can be to an increase in the turnover numbers for these two substrates favourably placed sterically and results in the best kinetic data in L239M and for 2-oxoisocaproate in L239A. This suggests of all substrates tested. that the replacement of leucine does indeed allow a more Substitution of Leu239 by aromatic residues favourable orientation of the substrate in the active site. In the enzyme-substrate model the variant L239A is characterized By introduction of an aromatic side chain in the position of Leu239, we attempted to check the influence of possible by a loss of hydrophobic interaction between substrate and enzyme, so that a hole is found behind the substrate (looking interaction between aromatic residues with substrates having aromatic side chains. This influence is combined with an from the active residues), whereas this is not the case in the variant L239M. In this respect it is tempting to interpret the expected negative effect, due to the larger space requirements. The results of these mutations, though, are very difficult to difference in the second-order rate constants between these two variants (about two orders of magnitude for oxoisocaproate explain from the model. For the substrates branched at C4 there is no difference between the aromatic and non-aromatic and phenylpyruvate) as a result of the difference in enzymesubstrate free association energy.
ones. From the enzyme-substrate complex it is also not obvious why L239W should show turnover numbers about 10 times In contrast to the substitution L239A, a replacement of Leu239 by an amino acid with a long unbranched hydrophobic as large as L239F, whereas the dramatic decrease in the turnover numbers for phenylglyoxylate is expected owing to side chain should preserve the hydrophobic interactions between substrate and enzyme, but provide more space near steric hindrance between this group and the aromatic side chain. Nevertheless, the results for phenylglyoxylate show a the C4 atom (according to the 3D model, compare Figures 2  and 3) . The K M values of all substrates of the enzyme variant remarkable difference with respect to those obtained for the other substrates. The enzyme variants L239W and L239F L239M are very similar to those of the wild-type enzyme. A large improvement in the k cat values of the C4-branched showed a slight decrease in the K M values for phenylglyoxylate combined with a dramatic decrease in the k cat values. If one substrates 2-oxoisocaproate and phenylpyruvate, together with a decrease in the turnover number of 2-oxocaproate, led to a assumes that with this very low turnover-number K M gives an indication of affinity, one might take this cautiously as a hint obvious from the decrease in the second-order rate constants that the substrate is bound in an orientation which is less for all tested substrates. The k cat values for the smaller favourable for further reaction ('unproductive binding'). It is substrates decreased drastically. On the other hand, inspection easily seen in the 3D-model that a stacking interaction between of the k cat values and also k cat /K M shows that phenylpyruvate the two aromatic rings would lead to an unfavourable orientais now the favourite substrate which, according to the 3D tion of the substrate (Figure 3) . model, can be explained by two different effects: (a) the The intense investigation of the role of Leu239 in substrate smaller size of the valine residue with respect to phenylalanine recognition gave an indication that the position of the substrate might allow a more favourable orientation of the large side in the model structure is realistic.
chain, or (b) an interaction between the two aromatic systems, which would lead to unproductive binding in the wild-type The role of Phe236 in substrate binding and coenzyme loop enzyme, is no longer possible. A similar situation is found for closure the enzyme variant F236S. Again, phenylpyruvate displays the The residue Phe236 is located at the periphery of the active largest k cat of the tested substrates (Figure 4) . The kinetic site (compare Figure 1) and probably also has interactions measurements showed that all k cat values, with the exception with the coenzyme loop. It may influence substrate orientation, of phenylpyruvate, were reduced, but the relative acceptance loop closure or even both and is therefore an interesting residue of phenylglyoxylate was greatly increased. for study. In the known LDH sequences this is a preserved
The differences between the two variants F236V and F236S tyrosine. Parker et al. (1982) described the function of Tyr are generally small with the exception of phenylglyoxylate, 236 in L-LDH. In the closed coenzyme loop conformation the where the difference in k cat /K M amounts to four orders of tyrosine interacts with Glu107 which is located in the coenzyme magnitude. This is mainly due to a change in the Michaelis loop. Such an interaction with a group in the coenzyme loop constant. As the side chain of F236 is not expected to make is also expected for L-HicDH, but, as mentioned, for this direct contact with this substrate side chain, two explanations highly flexible part of the molecule the 3D model is not very are possible. In order to create enough space for the substrate accurate (not seen in the crystal structure). In order to test the L239 has to move. This movement is more restricted for steric participation of Phe236 in the active site, the smaller F236V, because of the branching at Cβ, than for F236S. It is hydrophobic amino acid valine was chosen for substitution. The expected negative effect on substrate binding becomes also very probable that these variants influence strongly the 
Combination of L239M and T245A
The double mutation L239M/T245A was performed in order to check whether the effects of the single mutations are additive, which was doubtful because the amino acids are close in space. As with T245A the catalytic rates in the double interaction between the coenzyme loop (covering the active centre, see above) and the main body of the enzyme, allowing variant were reduced by several orders of magnitude and the K M values showed at least a 100-fold increase for most different contacts between substrate and loop residues, thereby changing the specificity.
substrates (with the exception of phenylglyoxylate). With respect to L239M the substrate specificity shifted towards Creating space for a bulky substrate keto-tert-leucine and with respect to T245A 2-oxoisocaproate Thr245 is a highly conserved residue in the active site among and phenylpyruvate were more favoured. These results demondehydrogenases which is also conserved in L-HicDH. It displays strate that the double mutant enzyme shows an intermediate a direct interaction with the nicotinamide ring of the coenzyme, behaviour compared with the single mutant enzymes, whereas it is located closely to the hydride transfer centre and it restricts conflicting trends are observed in the single variants. the space available on the side of the active centre. The special Whereas the average second-order rate constant for the function of Thr245 in L-LDH from Bacillus stearothermophilus tested substrates with respect to that of the wild-type enzyme has been demonstrated by Wilks et al. (1988) . Nevertheless, increased~30% in the variant L239M and decreased to~2.5% its substitution is the only way to create more space in the in the variant T245A, it is only 0.05% in the double mutant. required region of the active site for the enzymatic reaction Obviously there is no additive effect of positive properties in with keto-tert-leucine, a synthetic substrate with a very bulky this particular case. The activity towards the less bulky tert-butyl group. According to our 3D-model of the complex substrates pyruvate and 2-oxocaproate is especially strongly this substrate displays unfavourable steric interactions with reduced. One possible explanation of this result is that the Thr245, but also with the nicotinamide ring ( Figure 5 ), an replacement of two branched side chains by smaller groups or obstacle that cannot be removed by a change in the amino groups with a higher rotational freedom increases the flexibility acid sequence, but is directly connected with the enzyme of the active centre in an unfavourable way. function. Therefore, all L-HicDH variants should display a
The role of glycine in positions 234 and 235 rather low catalytic activity with keto-tert-leucine as a substrate. Nevertheless, we thought it challenging to determine if it is In order to determine the participation of the residue combination Gly-Gly in positions 234 and 235 for substrate recognition possible to shift the relative substrate specificity of L-HicDH towards this substrate. Therefore, the substitution of threonine (for location of residues in the active site, compare Figure 2 ), they were substituted by valine and aspartic acid, respectively, with the smaller (and still hydrophobic) alanine was tested. A negative effect on all catalytic rates was predictable because as these are found in this position in LDHs. These two residues are part of the helix α2G in some eukaryotic L-LDHs and also residue 245 has a crucial function in building the coenzyme environment and in stabilizing the correct orientation of the in HicDH. The helix displays a kink in this region. Therefore, although these residues are not in direct contact with the substrates. Accordingly, greatly decreased turnover numbers as well as increased K M values were observed for all substrates substrate side chain but close to the substrate carboxylate moiety it was important to know whether this added flexibility except keto-tert-leucine. The specificity between 2-oxocaproate, the substrate which is catalysed with the highest efficiency is required to adapt to the larger substrates. The kinetic data showed that the second-order rate constant decreased for most by L-HicDH and keto-tert-leucine, is shifted almost 20 000-fold in the direction of the bulky substrate with the substitution substrates with the exception of pyruvate, which reacts 2.5 times faster in the mutant enzyme than in the wild-type T245A (Figures 4 and 6 ). This result supports the model structure of the complex, which is sufficiently good to predict enzyme. The catalysis of 2-oxoisocaproate was essentially unaffected. The conclusion of this modification was that the effects on substrate specificity by modifying essential residues. are not used in the fitting (~20% of all residues) the r.m.s.d.
Received December 14, 1995; revised May 17, 1996 ; accepted September is 1.32 Å for main chain atoms. In the environment of the 20, 1996 active centre (a sphere of 12 Å around Thr 245) the r.m.s.d. is only 0.96 Å for main chain atoms and 1.64 Å for all atoms. This is a surprisingly good result for a modelling project which was based on a protein template with only 23% sequence identity. This good agreement between predicted and experimental 3D structure explains the success of the variant design. The overlayed X-ray and enzyme-substrate model structures are available from the authors upon request.
Conclusion
A 3D-model of L-HicDH was created based on the structure of L-LDH from dogfish with a sequence identity of only 23%. Despite this very low homology, the quality of the created model was high enough to allow design of enzyme variants with greatly changed substrate specificity and shifts of k cat /K M values of up to 20 000 towards target substrates (compare Figures 4 and 6 ). An analysis of the enzyme variants provided new insight into the residues involved in substrate binding and residues (un-)important for the differences between LDHs and HicDH (an experimental enzyme complex with a substrate analogue is not available). Most, but not all, changes in the enyzmatic properties of the enzyme variants could be explained by the X-ray structure and the model. A major source of uncertainty is the role of the highly flexible coenzyme loop that covers the active centre and could not be found in the X-ray structure.
A recent X-ray structure showed the model to be fairly close to the experimental 3D structure.
